Introduction
Cell-cell interactions of selectins with glycosylated ligands mediate leukocyte tethering to and rolling on vascular surfaces during infl ammation and immune responses (McEver, 2002) . L-selectin is expressed on leukocytes, whereas P-and E-selectin are expressed on activated platelets and/or endothelial cells. The hydrodynamic environment of the circulation imposes kinetic and mechanical constraints on selectin-ligand interactions. For a fl owing cell to tether, a selectin must encounter its ligand and interact with it before fl ow again separates the molecules. For a cell to roll, new interactions must form at the leading edge to replace those that dissociate at the trailing edge. Force applied to these interactions affects their dissociation rates and, hence, their lifetimes.
L-selectin requires a counterintuitive threshold shear to mediate both tethering and rolling (Finger et al., 1996; Alon et al., 1997) . As fl ow increases to an optimal level, more cells tether and the cells roll more slowly. Above the fl ow optimum, fewer cells tether, and the cells roll more rapidly. Distinct physical mechanisms regulate fl ow-enhanced tethering and rolling. Transport augments tethering through the following three mechanisms: sliding of the cell bottom on the surface, Brownian motions of the cell, and rotational diffusion of L-selectin and its ligand (Yago et al., 2006) . As fl ow increases, these mechanisms increase the collision frequency between L-selectin and its ligands, which favors productive interactions because the intrinsic docking rate is very rapid. Above the fl ow optimum, the tethering rate declines as the encounter times become shorter than the time scale for docking, and thus become limiting. It is not known whether, and if so how, changes in the structure of a selectin might affect its molecular diffusivity. Force augments rolling by decreasing the dissociation of L-selectin from its ligands. Normally, forces shorten the lifetimes of receptor-ligand interactions (slip bonds; Bell, 1978) . However, at low levels force paradoxically prolongs the lifetimes of selectin-ligand interactions (catch bonds) before they convert to slip bonds at higher forces (Marshall et al., 2003; Sarangapani et al., 2004) . Catch bonds are particularly evident for L-selectin (Sarangapani et al., 2004) . As fl ow increases from the threshold to an optimal value, rolling becomes slower and more regular as L -selectin requires a threshold shear to enable leukocytes to tether to and roll on vascular surfaces. Transport mechanisms govern fl ow-enhanced tethering, whereas force governs fl ow-enhanced rolling by prolonging the lifetimes of L-selectin-ligand complexes (catch bonds). Using selectin crystal structures, molecular dynamics simulations, site-directed mutagenesis, single-molecule force and kinetics experiments, Monte Carlo modeling, and fl ow chamber adhesion studies, we show that eliminating a hydrogen bond to increase the fl exibility of an interdomain hinge in L-selectin reduced the shear threshold for adhesion via two mechanisms. One affects the on-rate by increasing tethering through greater rotational diffusion. The other affects the off-rate by strengthening rolling through augmented catch bonds with longer lifetimes at smaller forces. By forcing open the hinge angle, ligand may slide across its interface with L-selectin to promote rebinding, thereby providing a mechanism for catch bonds. Thus, allosteric changes remote from the ligand-binding interface regulate both bond formation and dissociation.
force lengthens the lifetimes of L-selectin catch bonds . Above the fl ow optimum, rolling becomes faster and less regular as higher forces shorten the lifetimes of slip bonds. Several models explaining transitions from catch to slip bonds have been proposed (Zhu et al., 2005) . Studies of bacterial variants support a model in which force applied to a linker region in the adhesin FimH allosterically regulates ligand binding (Thomas et al., 2002) , perhaps by generating catch bonds (Thomas et al., 2006) . However, the structural basis for catch bonds remains poorly understood.
Each selectin has an N-terminal C-type lectin domain, followed by an EGF-like module, a series of short consensus repeats, a transmembrane domain, and a cytoplasmic tail (McEver, 2002) . Crystal structures of the lectin and EGF domains of P-and E-selectin have been published (Graves et al., 1994; Somers et al., 2000) . The ligand-binding region is a broad shallow surface at the top of the lectin domain opposite to where the EGF domain is attached (Fig. 1 A; Somers et al., 2000) . This region includes a Ca
2+
-coordination site that is shared with the fucose in sialyl Lewis x (sLe x ; NeuAcα2-3Galβ1-4[Fucα1-3]GlcNAcβ1-R), which is a capping structure on glycans of selectin ligands. The lectin domain forms other contacts with sialic acid and galactose, as well as with the sulfated components of some glycoproteins. P-and L-selectin bind to the N-terminal region of the leukocyte mucin P-selectin glycoprotein ligand-1 (PSGL-1) through cooperative interactions, with sLe x capping a core 2 O-glycan, and with adjacent sulfated tyrosines and other amino acids (Leppänen et al., 2000 (Leppänen et al., , 2003 Somers et al., 2000) . L-selectin also binds to the peripheral node addressin, which is a group of mucins on high endothelial venules of lymph nodes. The major binding determinant on the O-glycans of these mucins is 6-sulfosLe x , a form of sLe x with a sulfate ester attached to the C-6 position of GlcNAc (McEver, 2005) .
There are only a few noncovalent interactions between the lectin and EGF domains, most of which are conserved among the three selectins. Two P-selectin structures with different angles between the lectin and EGF domains have been described (Fig. 1 A; Somers et al., 2000) . The structures suggest that the P-selectin lectin domain can pivot on a hinge over the EGF domain. We postulated that this conformational change is common to all three selectins and plays an important role in regulating the kinetic on/off-rate of selectin-ligand interactions. We show that eliminating a hydrogen bond to increase the fl exibility of the interdomain hinge in L-selectin reduced the shear threshold for adhesion by increasing tethering through greater rotational diffusion and by strengthening rolling through augmented catch bonds with longer lifetimes at smaller forces. Thus, allosteric changes remote from the ligand-binding interface regulate both bond formation and dissociation.
Results

The interdomain hinge of L-selectin has dual conformations in dynamic equilibrium
At the putative hinge region of P-selectin, Tyr37 of the lectin domain is located close to Gly138 of the EGF domain (Fig. 1 A) . As previously proposed (Somers et al., 2000) , the lack of a side chain in Gly138 should favor fl exibility between the domains. In contrast, E-and L-selectin have an Asn at residue 138, and published structures of E-selectin reveal a hydrogen bond between Tyr37 and the side chain of Asn138 in a closed-angle conformation (Graves et al., 1994; Somers et al., 2000) . We have solved a crystal structure of the lectin and EGF domains of L-selectin (unpublished data), which also has a hydrogen bond between Tyr37 and Asn138 in a closed-angle conformation ( Fig. 1 B, left) . We used molecular dynamics (MD) simulations to examine whether L-selectin can assume an open-angle conformation (Videos 1 and 2, available at http://www.jcb.org/cgi/ content/full/jcb.200606056/DC1). The closed-angle structure of L-selectin aligned well with the closed-angle structure of P-selectin (Somers et al., 2000) , with only a 1.4-Å root mean square distance (RMSD) between the corresponding backbone atoms from residues 1-156. Five of seven L-selectin freedynamics simulations (each for 6 ns) exhibited only small conformational fl uctuations around the crystal structure, suggesting that the closed-angle conformation is stable (Video 1). However, transitions between the closed-angle and open-angle conformations were observed in two simulations (Video 2). The dynamics of conformational transitions were quantifi ed by the time courses of RMSD between the corresponding backbone atoms of the simulated L-selectin structure and the closed-angle L-selectin crystal structure or the open-angle P-selectin crystal structure (Fig. 1 C) . A RMSD value of ‫2ف‬ Å indicated good alignment, and a RMSD value of ‫51ف‬ Å indicated poor alignment. After 2.5 ns of free dynamics, the simulated L-selectin structure changed from the original closed-angle conformation to an open-angle conformation ( Fig. 1 B, right) , which lasted for 1.5 ns and aligned well with the open-angle crystal structure of P-selectin (Fig. 1 C) . These results suggest that L-selectin primarily resides in the closed-angle conformation, but occasionally makes spontaneous transitions to the open-angle conformation. MD simulations also indicated that force applied to unbind PSGL-1 from P-selectin promoted transitions from the closed-angle to the open-angle conformation (unpublished data). Thus, the closed-angle and open-angle conformations are in dynamic equilibrium; force can shift this equilibrium to a higher fraction of time in the open-angle conformation and a lower fraction of time in the closed-angle conformation. The force required to set the same conformational equilibrium between the closed and open interdomain angle should be higher for L-selectin than for P-selectin, because it must disrupt the Tyr37-Asn138 hydrogen bond and overcome steric interference in the hinge to enable transition from the closed-angle to openangle conformation. How might the hinge fl exibility of a selectin affect its interactions with ligand at an interface several nanometers from the hinge? A fl exible hinge will increase the frequency of transitions between the closed-and open-angle conformations. This will facilitate rotational diffusion of the lectin domain, thereby contributing to the on-rate for ligand binding. Substituting Gly for Asn138 in L-selectin (L-selectinN138G) will eliminate the hydrogen bond between Try37 and Asn138. This might increase rotational diffusivity and enhance cellular on-rate. To test this hypothesis, we compared the tether rate, which is a metric of cellular on-rate, of microspheres bearing recombinant L-selectin or L-selectinN138G as they fl owed over two distinct immobilized ligands. Microspheres with a 3-μm radius (r) bearing L-selectin or L-selectinN138G at a site density (m r ) of 750 μm −2 in media of 1 cP viscosity (μ) were fl owed at different wall shear rates ( γ ) through a PSGL-1-coated chamber at a site density (m l ) of 120 μm −2 or coated with 6-sulfo-sLe x at a density that supported rolling, but could not be precisely measured with IgM mAb. Tether rates plotted against the product γ r exhibited a biphasic shape characteristic of the shear threshold phenomenon, increasing initially, reaching a maximum, and then decreasing with further increase in γ r (Fig. 2, A and B) . As predicted by our hypothesis, the tether rates were higher for L-selectinN138G than for L-selectin at all γ r values tested for both ligands, whereas the γ r values where tether rates reached maximum were not signifi cantly different.
In another study, we demonstrated that tether rate is enhanced by the following three transport mechanisms: sliding of the cell or microsphere bottom on the chamber fl oor (pro portional to γ r ), cell or microsphere Brownian motions (proportional to k B T/(6πμr), where k B is the Boltzmann constant and T is the absolute temperature), and molecular diffusion (proportional to k B T/(6πμl), where l is a characteristic length in the molecular scale; Yago et al., 2006) . The tether rate (TR) can be converted to the probability of adhesion per distance traveled by a fl owing cell or microsphere,
where L (= 224 μm) is the length of the microscopic fi eld of view. It can then be normalized by dividing by the product m r m l r to remove the mass action effects caused by different numbers of interacting molecules in the contact area. For L-selectinbearing microspheres tethering to PSGL-1, we showed that p ad /(m r m l r) is determined by γ r , k B T/(6πμr), and k B T/(6πμl). In this study, k B T/(6πμr) and k B T/(6πμl) are used as respective metrics for microsphere and molecular diffusivity, based on the Stokes-Einstein relationship. In the previous study, we independently varied these values by using microspheres of different radii (r = 1, 2.25, and 3 μm) and media of different viscosities (μ = 1, 1.8, 2.6, and 4.2 cP). We found that p ad /(m r m l r) increased with γ r until it reached maximum, when microsphere Brownian motions became the limiting transport mechanism. Increasing microsphere Brownian motions enabled sliding to further enhance tether rate (reaching maximum at higher γ r ). The γ r value where the p ad /(m r m l r) curve reached maximum (optimal γ r ) increased linearly with k B T/(6πμr) (Fig. 2 C) . In addition, increasing molecular diffusion increased tether rate at all γ r values, just as substitution of L-selectinN138G for L-selectin does (Fig. 2, A and B) , and the maximum value of the p ad /(m r m l r) versus γ r curve increased linearly with k B T/(6πμl) (Fig. 2 D) . These previously defi ned linear relationships were used as calibrations to estimate the difference in molecular diffusivities of L-selectin and L-selectinN138G in the present study. As expected, microspheres bearing L-selectin or L-selectinN138G had comparable optimal γ r values that were similar to the previous data in the calibration curve because they had the same diffusivities calculated from the same radius (3 μm) and media viscosity (1 cP; Fig. 2 C) . The characteristic length for molecular diffusion was taken as l = 100 nm in the data in Fig. 2 D , which serves as an order-of-magnitude estimate. A relative molecular diffusivity value of k B T/(6πμl) = 2.18 μm 2 /s could be calculated from the same l value for L-selectin in this study. Using this value as x-axis coordinate, and the measured maximum p ad /(m r m l r) (= 1.56 × 10 −9 μm 2 ) as a y-axis coordinate, this L-selectin datum agreed with the previous data measured in media with 1-cP viscosity, regardless of the microsphere radius (Fig. 2 D) . We hypothesized that the higher tether rate of microspheres bearing L-selectinN138G rather than L-selectin was caused by increased relative molecular diffusivity for L-selectinN138G. Using the measured value of maximum p ad /(m r m l r) (= 3.08 × 10 −9 μm 2 ), a relative molecular diffusivity of 4.02 μm 2 /s for L-selectinN138G was extrapolated from the calibration curve, which was increased by 85% over that of L-selectin (Fig. 2 D) .
To further test our hypothesis, we designed a set of conditions to counter the predicted increase in the L-selectinN138G diffusivity. The medium viscosity was increased from 1 to 1.8 cP to reduce the diffusivity of L-selectinN138G by 80%. The radius of the microspheres was decreased from 3 to 1.5 μm to keep the product μr (and hence the microsphere diffusivity) approximately constant. The PSGL-1 site density was increased from 120 to 240 μm −2 to keep the normalizing factor m r m l r constant. Because the microsphere diffusivities, molecular diffusivities, and normalizing factors were matched, we predicted that the tether rate versus γ r curve for L-selectinN138G measured under the designed conditions would match the tether rate versus γ r curve for L-selectin measured in 1-cP viscosity media with 3-μm radius microspheres. This was, indeed, the case (Fig. 2 A) .
The tether rate curves for 6-sulfo-sLe x (Fig. 2 B) were qualitatively similar to those for PSGL-1 (Fig. 2 A) , but the former curves had smaller maximum tether rates that occurred at higher γ r . Such quantitative differences reveal the impact of molecular docking rates specifi c to the ligands. These differences also place the optimal γ r value from the L-selectin-6-sulfo-sLe x tether rate curve signifi cantly above the calibration curve in Fig. 2 C, and the maximum p ad /(m r m l r) value significantly below the calibration curve in Fig. 2 D, because the calibration curves were based on interactions of L-selectin with PSGL-1 rather than 6-sulfo-sLe x . This prevented estimating a relative change in the L-selectinN138G rotational diffusivity by comparing the measured maximum p ad /(m r m l r) value from the L-selectin-6-sulfo-sLe x tether rate curve to the calibration curve. Nevertheless, increasing rotational diffusivity of L-selectinN138G should augment tethering to molecularly distinct ligands because this mechanism does not require alterations of the ligand-binding surface. In the preceding paragraph, we estimated an 85% increase in diffusivity of L-selectinN138G over that of L-selectin by comparing the tether rate curves for interactions with PSGL-1 (Fig. 2 D) . If this value represents the true difference in rotational diffusivities between the two selectins, instead of a fortuitous value that enabled curve fi tting, it should account for the higher tether rate curve of L-selectinN138G over L-selectin for 6-sulfo-sLe x ( Fig. 2 B) , as well as for PSGL-1 (Fig. 2 A) . This hypothesis predicts that designing conditions to counter the increase in L-selectinN138G diffusivity would also align the designed L-selectinN138G curve with the original L-selectin curve for 6-sulfo-sLe x . To test this prediction, we increased the medium viscosity from 1.0 to 1.8 cP and reduced the radius of the microspheres from 3.0 to 1.5 μm. Because the r , where r is the microsphere radius and γ is the wall shear rate. The microspheres were coated with 750 molecules μm −2 of either L-selectin or L-selectinN138G, except in one case in B, where they were coated with 1,500 molecules μm −2 of L-selectinN138G (blue squares). The fl ow chamber fl oor in A was coated with PSGL-1 at either 120 (red triangles and green diamonds) or 240 (blue squares) molecules μm unpublished data) were replotted to provide calibration, which assumed the characteristic length for molecular diffusion as l = 100 nm. The same l value was used for the L-selectin datum (red triangle), which matched the calibration curve well. The l value for L-selectinN138G is predicted to be smaller. Using the measured maximum p ad /(m r m l r) value, the L-selectinN138G datum point (green diamond) was located at the intercept of y = [p ad /(m r m l r)] max (green dashed horizontal line) and the extrapolation of the calibration curve (red line). The increased molecular diffusivity for L-selectinN138G could be calculated from the x-axis value of this datum point (green dashed vertical line).
density of 6-sulfo-sLe x could not be precisely measured, we increased the L-selectinN138G density from 750 to 1,500 μm −2 . As predicted, the tether rate curve for these designed conditions aligned with the tether rate versus γ r curve for L-selectin measured in 1-cP viscosity media with 3-μm radius microspheres (Fig. 2 B) . Collectively, these data quantitatively demonstrate that eliminating the Tyr37-Asn138 hydrogen bond enhances cell tethering to different ligands by increasing the rotational diffusion of L-selectin.
Greater hinge fl exibility of L-selectin augments catch bonds by prolonging lifetimes with smaller forces A fl exible hinge might also affect force-dependent dissociation of L-selectin from its ligands. At low applied forces, the interdomain angle should remain mostly closed, as suggested by our MD simulations (Fig. 1 C; and Videos 1 and 2). Noncovalent interactions with the ligand may dissociate as it detaches from the lectin domain at the interface that is perpendicular to the direction of force (Fig. 3 ). As applied force increases, the equilibrium between the interdomain angles should shift toward a higher probability in the open conformation, which tilts the interface to align with the force direction, as suggested by MD simulations of the unbinding of P-selectin from PSGL-1 (unpublished data). Consequently, the ligand may slide across the lectin domain as preexisting interactions dissociate (Fig. 3) . As observed in MD simulations of the unbinding of P-selectin from PSGL-1 (unpublished data), the sliding motion provides an opportunity for new interactions to replace those that are disrupted, or for the original interactions to reform before the ligand fully dissociates, thereby slowing dissociation. This force-dependent deceleration of dissociation is a hallmark of catch bonds (Marshall et al., 2003; Sarangapani et al., 2004) . Thus, a fl exible hinge between the lectin and EGF domains may allow force to allosterically elicit catch bonds with ligand by sliding and rebinding. Once the interdomain angle is fully open, further increases in force can no longer increase rebinding, resulting in the transition from catch bonds to slip bonds. Force-dependent sliding of ligand over a pivoting lectin domain might at least partially explain why P-selectin, whose interdomain hinge is predicted to be more fl exible than that of L-selectin, forms augmented catch bonds with longer lifetimes that convert to slip bonds at lower force than L-selectin (Marshall et al., 2003; Sarangapani et al., 2004) . We have formulated this sliding-rebinding mechanism into a mathematical model (see Materials and methods) whose solution exhibits catch-slip transitional bonds that fi t the respective lifetime versus force relationships observed for P-and L-selectin interacting with PSGL-1 (Marshall et al., 2003; Sarangapani et al., 2004; unpublished data) .
The sliding-rebinding model also predicts that substituting Gly for Asn138 in L-selectin (L-selectinN138G) will reduce the force required to elicit catch bonds, prolong their lifetimes, and lower the force where catch bonds convert to slip bonds, even with molecularly distinct ligands. To test these predictions, we measured how force affected the lifetimes of interactions of L-selectin and L-selectinN138G with PSGL-1 and 6-sulfo-sLe x . Both biomembrane force probe (BFP) and fl ow chamber experiments were used to obtain complementary data. For BFP experiments, interactions of L-selectin or L-selectinN138G coated on a target bead with PSGL-1 or 6-sulfo-sLe x coated on a probe bead, were stressed through a red blood cell to allow lifetime measurements at various levels of constant force. For fl ow chamber experiments, microspheres displaying each selectin were perfused at various wall shear stresses over low densities of PSGL-1 or 6-sulfo-sLe
x . The lifetimes of transient tethers were measured by high-speed video microscopy. A large number of lifetime measurements were used to derive the mean lifetime (which equals the reciprocal off-rate 1/k off for fi rst-order dissociation of single bonds) for each interaction at each tensile force (for BFP) or each wall shear stress (for the fl ow chamber). Both methods yielded similar results. As previously observed (Sarangapani et al., 2004; Yago et al., 2004) , the lifetimes of L-selectin interactions with both ligands demonstrated a biphasic pattern characteristic of transitions from catch to slip bonds ( Fig. 4) . Initial increases in force prolonged mean lifetimes until an optimal value was reached; further increases in force shortened lifetimes. Although L-selectinN138G interactions with both ligands also exhibited transitions between catch and slip bonds (Fig. 4) , the lifetimes in the catch bond regime were signifi cantly longer and the transitions to slip bonds occurred at lower forces. In contrast, there was little difference in the lifetimes of L-selectin and L-selectinN138G interactions in the slip bond regime. The lifetime versus force curves were sensitive to the selectin and ligand used, although both selectins were captured by the same antibody and both biotinylated ligands were captured by streptavidin (see Materials and methods). The present L-selectin-PSGL-1 data also agree quantitatively with previous measurements using different capturing methods (Sarangapani et al., 2004) and using neutrophils expressing membrane-bound L-selectin . This strongly suggests that the data in Fig. 4 are dominated by lifetimes of selectin-ligand bonds rather than of antibody-antigen or biotinstreptavidin bonds. Because we demonstrated that L-selectin interacts as a monomer in the previous measurements (Sarangapani et al., 2004) , the quantitative agreement with the current data suggests that they also represent monomeric interactions. However, the sliding-rebinding model of Fig. 3 can be translated to dimeric bonds (Zhu et al., 2005) .
Although the crystal structure of the P-selectin-PSGL-1 complex reveals many noncovalent interactions at the atomic level (Somers et al., 2000) , they were simplifi ed into two pseudoatomic interactions in this study to model the slidingrebinding mechanism of forced-dissociation of a selectin-ligand complex (Fig. 3) . It is assumed that each interaction binds at an association rate of k +1 and unbinds at a dissociation rate that obeys the Bell equation (Bell, 1978) , with a stress-free dissociation rate of − 0 1 k and an energy well of width a. After both preexisting interactions dissociate, the ligand is assumed to slide over a pivoting lectin domain to form a new interaction with a probability that increases with force in the range f 1 < f < f 2 . It is further assumed that the system can return to the original state at a rebinding rate of k +2 (see Materials and methods for details). Curve fi tting by the model yielded excellent agreement with the data (Fig. 4) . As expected, four (k +1 , − 0 1 k , a, and f 1 ) of the six fi tting parameters could be the same for the curves of both selectins interacting with the same ligand. Compared with L-selectin, L-selectinN138G required less force (smaller f 2 ) to fully open the interdomain angle and exhibited a higher rebinding rate (larger k +2 ). Thus, both experimental data and their theoretical fi ts strongly support the model for transitions from catch to slip bonds through force-dependent sliding of the ligand over a pivoting lectin domain that promotes rebinding. Although alterations in the hinge region might propagate conformational changes across the lectin domain to the ligand-binding interface, the model does not require such changes.
Greater hinge fl exibility of L-selectin lowers the shear threshold for rolling
To determine whether the augmented catch bonds lowered the shear threshold for L-selectin-dependent rolling, we perfused microspheres bearing each selectin over higher densities of PSGL-1 or 6-sulfo-sLe x . Rolling motions were visualized by high-speed video microscopy. As wall shear stress increased, the mean rolling velocities of microspheres displaying either selectin fi rst decreased and then reached a minimum (Fig. 5,  A and B) , a characteristic of the shear threshold phenomenon that is mediated by catch bonds . At higher shear stresses, the rolling velocities again increased as catch bonds converted to slip bonds. Remarkably, the descending phases of the rolling velocity curves for L-selectinN138G shifted downward and to the left, with signifi cantly slower mean velocities and with minimal velocities at much lower shear stresses than for L-selectin. Rolling motions at these suboptimal fl ow rates were more regular for L-selectinN138G than for L-selectin, with longer mean stop times (Fig. 5 , C and D) and higher fractions of time in the stop phase (Fig. 5, E and F) . In contrast, the ascending phases of the rolling velocity curves were similar for both selectins. These data confi rm that substituting Gly for Asn138 lowers the shear threshold for L-selectindependent rolling.
Greater hinge fl exibility of L-selectin causes fl owing microspheres to aggregate with leukocytes
An unexplained property of circulating leukocytes is that they do not aggregate, even though they express both L-selectin and its ligand PSGL-1. We hypothesized that specifi c kinetic and mechanical properties of L-selectin-PSGL-1 interactions prevent leukocyte aggregation. Because of these properties, randomly colliding leukocytes might form bonds between L-selectin and PSGL-1, but the number of bonds would be too small and/or their lifetimes would be too short at small forces for stable adhesion. This hypothesis predicts that increasing interdomain fl exibility will cause spontaneous aggregation of leukocytes because both bond formation and bond lifetime are increased. To test this hypothesis, we fl owed neutrophils or mixtures of neutrophils and microspheres bearing L-selectin or L-selectinN138G in a shear fi eld to promote collisions. Cells or microspheres were perfused in a fl ow chamber coated with the nonadherent protein human serum albumin (HSA) at a wall shear stress of 1 dyn/cm 2 . This shear stress level applies sufficient force to bonds at the trailing edge of a rolling cell, thereby promoting optimal L-selectin-dependent rolling on PSGL-1 when it is coated in the fl ow chamber (Fig. 5) , but should exert much smaller forces on bonds bridging cells or microspheres in fl owing aggregates (Long et al., 1999) . High-speed video microscopy revealed that some free-fl owing neutrophils formed doublets after they collided. However, doublet lifetimes were very brief, and the interacting cells dissociated within 0.02 to 0.03 s (Fig. 6 A and Video 3, available at http://www.jcb.org/ cgi/content/full/jcb.200606056/DC1). Doublets of neutrophils and L-selectin microspheres were similarly short lived (Fig. 6 B and Video 4). In contrast, neutrophils formed stable doublets with L-selectinN138G microspheres that persisted until they fl owed out of the fi eld of view (Fig. 6 C and Video 5). To quantify this phenomenon, we perfused mixtures of neutrophils and microspheres that were labeled with different fl uorescent dyes and fi xed the mixtures after they exited the fl ow chamber. Flow cytometry revealed very few particles containing fl uorescence markers for both neutrophils and L-selectin microspheres (Fig. 7 A) , but many particles labeled for both neutrophils and L-selectinN138G microspheres (Fig. 7 B) . Addition of the anti-L-selectin mAb DREG-56 blocked aggregate formation, confi rming that aggregates developed through engagement of L-selectinN138G (Fig. 7 C) . Similarly, fl uorescence microscopy revealed few aggregates between neutrophils and L-selectin microspheres (Fig. 7 D) , whereas neutrophils and L-selectinN138G microspheres formed many doublets and larger aggregates (Fig. 7 E) . Such aggregates did not develop in the presence of DREG-56 (Fig. 7 F) . These data suggest that a subtle change in the interdomain hinge of L-selectin is sufficient to cause fl owing leukocytes to aggregate.
Discussion
Leukocyte adhesion to vascular surfaces requires that the kinetics of formation and dissociation of selectin-ligand bonds be regulated by the mechanics of blood fl ow. The shear threshold for tethering and rolling through L-selectin provides a striking illustration of this regulation. Transport mechanisms, including molecular diffusion, govern fl ow-enhanced tethering, whereas force governs fl ow-enhanced rolling through catch bonds. How an atomic-level structure dictates such mechanisms was not understood. In this study, we used crystal structures and MD simulations to formulate a model for these mechanisms. MD simulations revealed that the hinge between the lectin and EGF domains of L-selectin can assume dual conformations that are in dynamic equilibrium but allow rapid transitions. Applied force or changes in hinge fl exibility can alter the stability of the conformations, tilt the dynamic equilibrium, and induce conformational transitions. Structural analysis identifi ed a single residue that contributes to the rigidity of the interdomain hinge by forming a hydrogen bond. Eliminating this hydrogen bond demonstrated that hinge fl exibility regulates both the kinetic and mechanical properties of L-selectin. Thus, the fi ne tuning of hinge fl exibility modulates fl ow-enhanced cell adhesion and likely prevents inappropriate leukocyte aggregation.
Cells expressing a chimeric L-selectin, in which the native EGF domain was replaced with that of P-selectin, were shown to have a lowered shear threshold for adhesion because of an enhanced cellular on-rate that increased tethering to surfacebound ligand (Dwir et al., 2000 (Dwir et al., , 2003 . This property may have resulted, at least in part, from increased rotational diffusivity caused by substituting Gly for Asn138 in the chimeric molecule. Our results suggest that augmented catch bonds between the chimeric L-selectin and its ligands also may have contributed to the lowered shear threshold for adhesion.
That L-selectinN138G promotes aggregation of microspheres with free-fl owing neutrophils suggests that the kinetic and mechanical properties of L-selectin-PSGL-1 interactions must be fi nely regulated to allow rolling on vascular surfaces, but not aggregation of fl owing leukocytes. This regulation is essential because both L-selectin and PSGL-1 are constitutively expressed on the surfaces of leukocytes. In contrast, platelets mobilize P-selectin on their surfaces only after they are activated, which normally does not occur until they adhere to damaged vessel walls (McEver, 2002) . Our model suggests that leukocytes will form aggregates with circulating activated platelets because the lifetimes of PSGL-1 bonds with P-selectin are longer than those with L-selectin at all force levels (Marshall et al., 2003; Sarangapani et al., 2004) , perhaps in part because of the increased interdomain fl exibility of P-selectin conferred by Gly138. Indeed, circulating platelet-leukocyte aggregates are observed in pathological disorders that increase platelet activation (Michelson et al., 2001) .
Our fi ndings exemplify how force-induced conformational changes allosterically regulate protein function, which may be applicable to other proteins. The sliding-rebinding model provides a structural explanation for catch bonds and may be applicable to interactions of other proteins with an interdomain hinge. For example, the adhesin FimH mediates shear stress-enhanced adhesion of bacteria to epithelial cells (Thomas et al., 2002) , which may result from catch bonds between FimH and its mannosylated ligands (Thomas et al., 2006) . MD simulations revealed that force applied at the ligand-binding site of the lectin domain extends a linker chain that connects the lectin domain to the adjacent pilin domain. Mutations in this segment decrease the shear threshold for bacterial adhesion (Thomas et al., 2002) . Such mutations might make the linker region more fl exible and reduce the force required to slide ligand across the binding interface. The increased fl exibility could also favor bond formation through greater rotational diffusion. Interactions of glycoprotein Ibα with von Willebrand factor mediate fl owenhanced adhesion of platelets to damaged vascular surfaces (Savage et al., 1996; Doggett et al., 2003) . Catch bonds might contribute to fl ow-dependent platelet adhesion, and a slidingrebinding mechanism might explain why mutations in glycoprotein Ibα or von Willebrand factor that are remote from the interface can alter binding (Ajzenberg et al., 2000; Peng et al., 2005) . Force-induced allosteric changes may also regulate catch-slip transitional bonds between actin and myosin (Guo and Guilford, 2006) and the conversion of integrins to their active conformations (Salas et al., 2002; Jin et al., 2004) .
Materials and methods
Proteins and glycoconjugates L-selectin-Ig containing the lectin domain, EGF domain, and both consensus repeats of human L-selectin fused to the Fc portion of human IgG1 was expressed as previously described . The cDNA encoding L-selectin was used as a template to alter the codon for Asn138 to Gly, using the QuikChange Mutagenesis kit (Stratagene). The mutations in the construct, termed L-selectinN138G, were confi rmed by DNA sequencing. L-selectinN138G-Ig was expressed as described for L-selectin-Ig. The aminopropyl glycoside of 6-sulfo-sLe x was biotinylated as previously described (Korchagina and Bovin, 1992) . Soluble recombinant monomeric PSGL-1, anti-PSGL-1 mAb PL1, and anti-L-selectin mAb DREG-56 have been previously described . Anti-human IgG Fc polyclonal antibody was obtained from CHEMICON International, Inc.
MD simulations
A crystal structure of the lectin and EGF domains of human L-selectin served as the starting coordinate for MD simulations, except that the glycan attached to residue Asn66 was deleted to reduce the system size and to avoid the use of less reliable glycan force fi elds. Because this glycan extends out from Asn66 on the protein surface, its deletion is unlikely to affect the structure of the lectin and EGF domains. The molecule was solvated in a 90 × 60 × 60 Å 3 TIP3 water box, together with 8 Ca 2+ and 18 Cl − ions to neutralize the system, which included 29,969 atoms. MD simulations were performed using NAMD (Phillips et al., 2005 ) with a CHARMM22 all-atom force fi eld (MacKerell et al., 1998) . The system was fi rst subjected to a two-step energy minimization. Each step consisted of 10,000 conjugate gradient iterations. In the fi rst step, the heavy atoms of the protein were fi xed and the rest of the atoms were allowed to move. In the second step, all atoms were allowed to move. After energy minimization, the system was heated gradually from 0 to 300 K in 100 ps. Then the system was equilibrated for 1 ns with pressure and temperature control. The temperature was held at 300 K using Langevin dynamics and the pressure was held at 1 atm by the Langevin piston method. Free dynamics were then simulated with the equilibrated system for 5 ns. A periodic boundary condition was adopted. Particle Mesh Ewald was used for electrostatic inter actions, and a cutoff of 12 Å was used for van der Waals interactions. A total of seven independent simulations were performed, following the same procedure. The trajectory of each simulation was compared with the initial L-selectin crystal structure and with the P-selectin open-angle crystal structure (PDB 1G1S; Somers et al., 2000) .
Sliding-rebinding model
The sliding-rebinding model can be formulated with increasing complexity, depending on the number of pseudoatomic interactions assumed to describe the noncovalent interactions distributed across the selectin-ligand interface. A minimal model was solved by Monte Carlo simulations. The simulation starts with two pseudoatomic interactions (Fig. 3) and advances in 1-μs time steps (∆t). To determine what would happen in each time step, a random number (uniformly distributed between 0 and 1) is compared with one of the probabilities given by equations 1, 2, 4, and 5, depending on the stage of the simulation. In the fi rst stage, the dissociation from the initial bound state is simulated. The fate of each of the two pseudoatomic interactions in the current time step is determined using one of two probabilities, depending on whether that pseudoatomic interaction survived in the previous time step. If so, it would survive if the random number were smaller than the probability, 
or it would dissociate. If not, i.e., if in the previous time step the pseudoatomic interaction in question dissociated, but the other pseudoatomic interaction survived, it would associate if the random number were smaller than the probability, 
or it would remain dissociated. In equation 1 and 2, k +1 is a constant association rate and k −1 is a force-dependent dissociation rate that obeys the Bell equation (Bell, 1978) , as follows:
where − 0 1
k and a are model parameters, f is applied force, and n = 1 or 2, depending on whether one or both pseudoatomic interactions were intact in the previous time step. After both preexisting pseudoatomic interactions dissociate, the simulation advances to the second stage, which simulates sliding and the formation of a new interaction. In the next simulation step, a new pseudoatomic interaction would form if the random number were smaller than the probability, as follows: relates the probability of forming a new interaction to force through the interdomain angle. If the applied force were below f 1 , the interdomain angle would be confi ned to the closed conformation (as depicted in the top left portion of Fig. 3 ), so no new in teraction would be allowed. Because spontaneous transition from the closed-angle to open-angle conformation was observed in MD simulations in the absence of applied force, a negative value is expected for f 1 ,
i.e., compressive force. In the range f 1 < f < f 2 , force shifts the equilibrium between the two hinge conformations toward what is more likely to be in the open-angle conformation, allows the binding interface to slide more readily, and increases the probability of forming a new pseudoatomic interaction (as depicted in the top right portion of Fig. 3 ). After the force exceeds f 2 , the interdomain angle reaches maximum and p II can increase no further (i.e., p II = 1). Thus, a positive value is expected for f 2 , i.e., tensile force. Formation of a new interaction advances the simulation to the third stage, where two tests are performed in the next time step. One compares a random number to the probability given by equation 1 to determine whether the new interaction would survive. The other test determines whether the original double-pseudoatomic interactions would reform (as depicted in Fig. 3 ). It would, if the random number were smaller than the rebinding probability, ( ) of L-selectin. Videos 3, 4, and 5 depict collisions of free-fl owing neutrophils with other neutrophils or with microspheres bearing L-selectin or L-selectinN138G. Online supplemental material is available at http://www.jcb.org/cgi/content/full/jcb.200606056/DC1.
